INTRODUCTION
According to a 1995 Federal Railroad Administration report, there are approximately 166,000 public highway-railroad grade crossing in the United States (1) . Nearly 66,000 of these highwayrailroad grade crossings are classified as active crossings. Active crossings contain devices that warn drivers of the approach or presence of a train (2) . The remaining 100,000 highway-railroad grade crossings are classified as passive crossings. Passive crossings lack train-activated warning devices and employ signs and pavement markings to identify the location of the crossing and to direct the attention of the motorist, bicyclist, or pedestrian (2) . Passive devices provide static messages; the message conveyed by the advanced warning signs and markings remain constant regardless of the presence or absence of a train. Both passive and active crossings use the same advance warning signs and markings to alert drivers that a railroad grade crossing is nearby. In 1994, over 2,000 crashes occurred at public passive highway-railroad grade crossing resulting in 239 fatalities (1) . The high number of crashes and fatalities at passive crossings provide evidence of a safety problem.
Driver error is frequently cited as a factor in highway-railroad grade crossing crashes; however, engineering and human factors issues often contribute to the crash (3) . Driver error may result from failure to perceive that a train is in hazardous proximity to the grade crossing. Alternatively, the driver may detect the train but erroneously decide that adequate time is available to clear the crossing. Explanations for the driver's failure to detect the train or faulty decision-making process are many; however, it has been suggested that a leading cause of poor decisions is violation of driver expectancy.
Another possible source of confusion to drivers encountering highway-railroad grade crossings is the current system of visual communication. The advance warning and railroad crossbuck signs do not differentiate between active and passive crossings, thereby complicating the drivers decisionmaking task. Methods for improving the communication between railroad advanced warning signs and the driver are needed to reduce driver confusion and improve the overall safety at highwayrailroad grade crossings.
OBJECTIVE
The objective of this study was to develop, test, and evaluate an improved method for communicating with drivers at passive highway-railroad grade crossings. Specifically, this research was formulated to evaluate the effectiveness of a vehicle-activated strobe and supplemental sign as enhancements to the railroad advanced warning sign at passive highway-railroad grade crossings. To be effective, the enhanced sign system should increase driver awareness of the highway-railroad grade crossing and result in more cautious behavior. At the same time, drivers should understand the meaning of the enhanced sign system, and the enhancements should not result in unsafe driver behavior on the approach to the highway-railroad grade crossing.
BACKGROUND
The Texas Transportation Institute recently completed a focus group and closed-course driving study to determine driver response to several enhancements to the railroad advance warning sign (4). Three alternatives were explored including an increase in sign reflectorization through improved sheeting, the addition of a continuously flashing yellow beacon, and the addition of a vehicleactivated strobe light. The flashing beacon and vehicle-activated strobe light were intended for use at passive highway-railroad grade crossings with the purpose of attracting drivers' attention and directing it to the railroad advanced warning sign. Focus group comments concerning both flashing light alternatives were generally positive and no adverse driver behavior was observed when drivers encountered either alternative in a closed-course driving study. Both the continuously flashing beacon and the vehicle-activated strobe light were identified as effective methods of increasing driver awareness of the railroad warning sign; however, the uniqueness of the vehicle-activated strobe light led participants to conclude that the strobe light may be more effective at attracting drivers' attention. Given these results, a field study of the vehicle-activated strobe light at a passive highway-railroad grade crossing was recommended.
One of the concerns raised in the focus group study was how drivers would interpret the meaning of flashing yellow lights at passive highway-railroad grade crossings. Some focus group participants indicated that they assumed the flashing light meant a train was at the crossing. This problem was greater with the continuously flashing beacon than with the vehicle-activated strobe light (4) . A potential safety problem was created with this interpretation since the flashing light was designed to attract drivers' attention rather than to indicate the presence of a train at the crossing.
To overcome this problem, the research team and the Texas Department of Transportation developed a "LOOK FOR TRAIN AT CROSSING" supplemental sign to be installed directly below the railroad advanced warning sign (5) . This sign provided the driver with a written message consistent with the desired action at the crossing and minimized the potential of a driver misunderstanding the meaning of the flashing strobe light. The sign contained 10-centimeter letters, using a 122-centimeter (48-inch) sign width. This letter height was based on a ratio of legibility distance to letter height of 7:1 assuming 20/20 Snellen vision. The design and sizing requirements for the supplemental sign are presented in Figure 1 .
The final enhanced sign system is depicted in Figure 2 . The full-sized strobe light chosen flashed at one-million candle power and 90 flashes-per-minute (fpm), well below the 600 to 1,200 fpm that can trigger seizures in drivers with epilepsy (6) . A shield was placed in back of the strobe light limiting the visibility of the flash to only approaching traffic. A loop detector was used to provide vehicle activation of the strobe light. Power for the loop detector and strobe light system was provided by a solar charged 12-volt battery.
To assure that the strobe light was operating for a sufficient period of time before the vehicle was in visual range of the warning signs, the loop detectors were placed approximately 170 meters upstream of the strobe light location. A distance of 170 meters was selected using an average perception-reaction time and estimated sign legibility distance. As a vehicle passed over the loop detector, the strobe light was activated and flashed for approximately eight seconds. Eight seconds provided sufficient time for the driver to observe the strobe light, the railroad advance warning sign, and the supplemental sign. Since the purpose of the vehicle-activated strobe light was only to attract the attention of drivers, the location of the vehicle in relation to the enhancement sign system when the strobe light stopped flashing was not considered significant. 
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STUDY METHOD
The most effective way to determine if the enhanced sign system improved safety at passive highway-railroad grade crossings was to evaluate the crash rates at the crossing before and after installation. Since crash rates were not a viable measure for short term evaluation, three surrogate study methods were developed. First, a spot speed study was designed using a before and after methodology. Although railroad warning signs do not require drivers to reduce speed unless a train is present, the comparison of before and after speed profiles provided a means of determining if the objective of a more cautious approach to the highway-railroad crossing was achieved. The authors hypothesized that an effective sign enhancement would result in a speed reduction on the approach near the location of the enhanced sign system with little speed differential near the crossing. Second, a driver survey was developed and designed to evaluate the conspicuity (detection) of the flashing strobe light and supplemental sign. The survey was also used to determine drivers' comprehension of the enhanced sign system. Third, a driver observation study was developed to observe drivers' reaction to the strobe light.
A passive highway-railroad grade crossing on Blackland Road near Temple, Texas was selected as the study site. The railroad crossing on Blackland Road was slated for upgrading to an active crossing in June of 1997. Blackland Road was a rural cross-section roadway with average daily traffic volumes of 650 vehicles-per-day (vpd) and up to 15 daily train crossings. The Blackland Road study site contained two short-radius horizontal curves forming a reverse or S-curve roadway alignment approximately 50 meters west of the crossing and a crest vertical curve approximately 400 meters east of the crossing. The vertical curve limited the visibility of the crossing for eastbound drivers preventing drivers from observing the crossing until reaching the crest of the curve. None of the geometric features on the approach roadway were considered detrimental to the selection of Blackland Road as a study site.
A United States Department of Agriculture (USDA) facility was located in the northeast quadrant of the approach to the railroad crossing resulting in two driveway entrances and three field entrances within 375 meters of the crossing. The remaining three quadrants were open agricultural fields. Figure 3 presents a schematic drawing of the site.
SPEED STUDY
The before speed study was undertaken prior to any changes to the existing signs and traffic control on Blackland Road. Vehicle speeds were obtained during an eight-week period in January and February of 1997 by traffic classifiers placed 10, 50, 100, 150, 200, and 400 meters from the highway-railroad crossing. The classifier placed 400 meters from the crossing was used as a control location since it was outside the influence area of the flashing strobe light and beyond the visual range of the supplemental sign. Classifiers remained at each location for up to one week and collected data during all time periods. The field layout is shown in Figure 4 .
The enhanced sign system was installed approximately four-weeks after the before speed study was completed. Supplemental sign installation took place approximately four-weeks prior to the commencement of the after speed data collection. The vehicle-activated strobe light was operated N
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for a two-week period prior to the after study. This time was minimized since most drivers used Blackland Road on a daily basis.
The after speed study was conducted over a four-week period in May of 1997 using the same study methodology as the before speed study, including the same data collection equipment and locations. Tables 1 and 2 present the before and after speed results.
Speed Study Results
Figures 5 and 6 present the before and after average speeds on both the west and east approach to the railroad crossing. Figure 5 shows the average speeds for all of the data collected (day and night) while Figure 6 shows only average speeds obtained during night driving conditions (7 PM to 7 AM). Average speed data obtained in the after speed study at the 10-and 50-meter locations on the west approach were not available due to construction activities at the railroad crossing. Additional construction activities, including the installation of an active grade crossing, eliminated the opportunity to repeat the speed measurements under similar conditions. Average day and night speeds in the after speed study on the west approach were somewhat lower at the 400-meter location and near the location of the enhanced sign system. Average speeds were approximately the same at the 200-meter location. Average speed on the east approach was slightly higher at the 400-meter location. Speeds were lower near the location of the enhanced sign system and approximately the same at locations near the crossing. Average night speeds on the west approach were lower in the after study at all locations. Average night speeds on the east approach were nearly identical at the 400-meter location and slightly lower at all of the other data collection locations.
A statistical comparison of the before and after speeds at each location was completed to determine whether the speed changes were significant. The results are presented in Tables 3 and 4 . Significant decreases in average speed were found at the 100-, 150-, and 400-meter locations on the west approach. A significant increase in average speed was found at the 400-meter location on the east approach. This increase in average speed at the 400-meter location was attributed roadway pavement improvements upstream of the study site. Significant decreases in average speed was found at the 50-, 150-, and 200-meter locations on the east approach. The reduction in average speed in the after study was further emphasized by the increase in average speed at the 400-meter location.
A statistical comparison considering only night driving speed results found significant speed reductions on the west approach at the 100-, 150-and 400-meter locations. A decrease in average speed was also observed at the 200-meter location but not at a significant level. Only the 50-meter location on the east approach showed a significant decrease in average speed. All other locations on the east approach showed decreases in average speed; however, not at a statistically significant level.
The results of the before and after speed study provides evidence that the addition of the enhanced sign system led to lower vehicle approach speeds. The significant increase in average speed on the east approach at the 400-meter location, followed by a significant decrease in average speed at the 50-, 150-and 200-meter locations, provides some indication that the enhanced sign system caused drivers to reduce speed as they approach the railroad crossing. A reduction in average speeds was observed at all east approach study locations during night conditions. Significant reductions in average speed were found on the west approach at the 100-, 150-and 400-meter locations during both day and night driving conditions. Although the results at the 10-and 50-meter locations in the after speed study were not available, the observation of vehicles and the results upstream of these study locations suggested that speed reductions would have been observed throughout the west approach.
The study locations located 100-meter from the crossing on each approach provided the last speed measure before an approaching vehicle entered the nonrecovery zone. This zone is defined as the area of the approach where the amount of roadway is insufficient to avoid a collision if the stop/go decision has not already been made (7) . The beginning of the nonrecovery zone coincides with the stopping sight distance point or the minimum visible distance required to sight an object in the roadway necessitating a stop and to safely stop the vehicle. Actual stopping sight distances vary with approach speed, reaction time, pavement friction, tire conditions, and deceleration rates, but can be considered to be between 50 and 100 meters given the prevailing conditions on Blackland Road.
Average speeds on the west approach at the 100-meter location decreased approximately 7 percent from 32.0 mph in the before speed study to 29.8 mph in the after speed study. Similarly, average night speeds decreased approximately 13 percent from 31.0 mph in the before speed study to 27.0 mph in the after speed study. Speed variances in both day and night conditions were also lower in the after speed study. Average speeds and speed variances on the east approach remained consistent in both the before and after conditions.
The findings on the west approach were consistent with the hypothesis and suggest that the enhanced sign system was effective in reducing vehicle speeds as drivers entered the nonrecovery zone. This reduction in average speeds also reduced stopping distance requirements which may have a positive effect on the safety of the crossing. The reasons why average speeds remained rather consistent on the east approach can probably be attributed to the existing geometric features of the roadway. The crest vertical curve on the east approach and the USDA driveway and field entrances may cause drivers to enter the study site at a comfortable speed, minimizing the need for significant speed reduction and minimizing the potential speed impact of the enhanced sign system. Also, eastbound drivers had ample time to reach their desired operating speed on Blackland Road minimizing the need for significant speed reductions on the railroad approach.
DRIVER SURVEYS
Westbound drivers were surveyed as they stopped at the 5 Street intersection. The survey was th conducted from 6:30 to 8:30 PM during the period of mesopic vision (dusk) conditions. Although it would be desirable to have survey data during scotopic vision (night) conditions, safety concerns prevented data collection during this time period. After stopping, drivers were first asked to recall the approach to the railroad they just crossed and whether they had noticed anything different or unique as compared with other similar crossings. If the driver answered yes, he or she was asked what it was that they had noticed. Drivers that mentioned the strobe light were asked how they reacted. Drivers that did not mention the strobe light were asked if they noticed a yellow flashing strobe light on the railroad warning sign. Drivers answering yes to this question were also asked how they reacted to it. Each driver was then asked what they thought the strobe light meant and if they felt a flashing strobe light would bother them during night driving conditions. The second part of the survey focused on the supplemental sign. Drivers who did not mention the supplemental sign as part of the first question were told that there was an additional sign under the railroad warning sign. They were then asked if they recalled seeing this sign. Drivers that responded yes to this question were asked to recall what was on the sign. Drivers answering no were told what was written on the sign. Drivers were then asked what they thought the sign meant. Finally, a number of categorical items were recorded including how frequently they use Blackland Road, the age and gender of each driver, and the time of the survey.
Survey Results
A total of 33 valid surveys were obtained from 23 male and 10 female drivers. Eighty-two percent of the drivers indicated that they used Blackland Road frequently, consistent with the author's expectations. When asked if they noticed anything unique or different about the railroad crossing, 52 percent of the drivers indicated that they had. This response rate was a significant improvement over previous studies where only 20 percent of drivers were found to recall and use the railroad warning signs (8) . Of the drivers who indicated that they had noticed something unique or different, 88 percent (15 of 17) identified the strobe light and 71 percent identified the supplemental sign. Twenty-one of the 33 drivers surveyed recalled observing the flashing strobe light, including six drivers who did not consider the flashing strobe light unique or different.
There appeared to be a distinct trend in the frequency of positive responses. Before 7:45 PM, 29 percent of the drivers indicated that they noticed something unique or uncommon while after 7:45 PM, 75 percent of the drivers reported noticing something unique about the crossing. Thirteen of the 21 positive responses to observing the strobe light were obtained after 7:45 PM. Although the reasons for this trend are not completely clear, it would appear that there was a relationship between the degree of darkness and the conspicuity of the strobe light.
The strobe light elicited two general responses, either the use of additional caution at the railroad crossing or no response at all. Nineteen drivers stated they used additional caution which included speed reduction (braking), reading the warning signs, looking for trains, or stopping at the crossing. The remaining 14 drivers did nothing, many because they did not observe or recall observing the flashing strobe light. Drivers were asked if they believed that a strobe light would bother them during night driving conditions. None of the drivers who responded indicated that a flashing strobe light would bother them when driving at night.
When drivers were asked what they thought the strobe light meant, eight of the respondents thought that the strobe light was a message to use extra caution at the crossing. Three of the drivers felt the strobe light meant to reduce speed and eight drivers felt that the sign meant pay attention, be careful, read the signs, or look for a train. The remaining responses were varied; however, none of the drivers related the flashing strobe light to the presence or lack of presence of a train at the crossing. All of the drivers surveyed related the implied meaning of the strobe light to the need for implementing some form of additional caution on the approach to the crossing.
The next section of the survey focused on the supplemental sign. Overall, 55 percent (18 of 33) of the drivers indicated that they observed the supplemental sign. Of the 18 drivers who observed the sign, five were able to correctly recall the sign wording, six derived similar wording, and seven were not able to recall the words. Prior to 7:45 PM, 47 percent recalled observing the sign, although only 18 percent recalled the wording on the sign. After 7:45 PM, 63 percent of the drivers surveyed reported seeing the sign and 50 percent recalled the wording on the sign. A number of drivers indicated that the supplemental sign caused them to drive with additional caution because they assumed that transportation officials would not have installed the supplemental sign if the crossing was not unsafe.
The survey results indicated that the flashing strobe light is more effective at gaining drivers attention during scotopic vision conditions than photopic or mesopic conditions. This result is not surprising since the flashing strobe light was difficult to detect in bright sunlight. Second, there appears to be a relationship between the frequency of roadway use and the observance of the warning signs. Drivers who used Blackland Road everyday were less likely to observe the flashing strobe light and supplemental sign than unfamiliar drivers. Third, 9 of the 11 drivers who recalled the wording of the supplemental sign chose to use additional caution at the railroad crossing. Finally, three of the five unfamiliar drivers surveyed stated that they observed the flashing strobe light, observed the supplemental sign, and were able to recall the wording of the sign. The strobe light was effective in attracting the attention of drivers who were unfamiliar with the railroad crossing.
DRIVER OBSERVATION STUDY
The driver observation study was conducted during night driving conditions when the flashing strobe light had maximum contrast luminance. An observer was positioned approximately 180 meters upstream of the enhanced sign system near the loop detector location. The reaction of each vehicle was monitored starting at the point at which the vehicle activated the flashing strobe light and ending at the railway crossing. Driver reaction was considered to be anything visible to the observer including braking, weaving, swerving, and related vehicle maneuvers. Because this study was completed at night, drivers looking behavior and associated head movements at the approach to the railroad crossing could not be observed.
Study Results
Eighteen drivers were observed over a three-hour period, 12 of which exhibited no apparent reaction to the strobe light. No reaction was considered to be typical behavior; braking approximately 100 meters from the crossing and crossing the railroad at reduced speeds (<48 km/h).
Six drivers demonstrated changes in behavior due to the strobe light although their observed reactions were not considered severe. On the contrary, their reactions indicated that they were exercising additional caution on the approach to the crossing. Three of the drivers applied the vehicle's brakes in the vicinity of the warning sign and flashing strobe light and one driver switched on their hi-beam headlights, presumably to read the warning signs. One driver stopped at the crossing, another driver applied brakes the moment the strobe light was activated, and a driver crossed the railway line at a speed below 16 km/h with hi-beam headlights. No adverse driver reaction to the strobe light was observed.
SUMMARY
The results of this research indicate that the enhanced sign system can be effective at reducing speeds and attracting drivers' attention on the approach to passive highway-railroad grade crossings. Average speeds on the approaches to the crossing were found to be lower after the installation of the enhanced sign system with the greatest speed reduction near its location on the approach.
Reduction in average speeds were found at all study locations during night driving conditions. A 13 percent reduction at the 100-meter study location on the west approach represented the largest speed reduction. It is difficult to predict how much of the speed reduction is directly attributable to the enhanced sign system; however, it is safe to conclude that the enhanced sign system had a positive contribution in producing speed reductions on each approach to the railroad crossing.
Drivers responded favorably to the addition of the enhanced sign system. The number of familiar and unfamiliar drivers who recalled observing the supplemental sign was encouraging, especially the number of drivers who were able to recite the exact wording of this unfamiliar sign. Further, the addition of the flashing strobe light and supplemental sign enhancements to the existing W10-1 sign indicated to some drivers that transportation officials considered this location to be an unsafe highway-railroad grade crossing. These same drivers indicated that they approached the railroad crossing with more caution than in the past. None of the drivers surveyed indicated that they inferred the meaning of the flashing strobe light to be correlated to the presence of a train at the crossing. Also, no adverse driver reactions were reported or observed at the onset of the flashing strobe light.
Just before complete darkness, the two drivers surveyed claimed that they did not observe the flashing strobe light but did see the supplemental sign. Since the purpose of the flashing strobe light is to attract drivers' attention to the warning sign(s), not to the strobe light itself, it appears that the enhanced sign system performed as desired in these two instances.
CONCLUSIONS
The conclusions to the research findings described above can be summarized as follows:
The enhanced sign system appears to increase driver awareness of the passive highwayrailroad grade crossing; The enhanced sign system caused some drivers to approach the passive grade crossing with additional caution; Reductions in average speeds on both the east and west approach to the highway-railroad grade crossing were observed after the installation of the enhanced sign system; The strobe light was effective in directing drivers' attention to the railroad advanced warning (W10-1) and supplemental signs; The enhanced sign system did not cause any adverse driver behavior.
RECOMMENDATIONS
The vehicle-activated strobe light enhancement appears effective at improving the communication with drivers at passive highway-railroad grade crossings. Since these conclusions are based only on the results of one study site, additional research is required to validate the effectiveness of the enhanced sign system. The vehicle-activated strobe light and supplemental sign should be installed and evaluated at additional crossings, desirably, as an interim device between the selection of a passive crossing for improvement and the installation of the active crossing devices. 
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